Background: The purpose of this study was to evaluate the expression of Notch-induced transcription factors (NTFs) HEY1, HES1 and SOX9 in colorectal cancer (CRC) patients to determine their clinicopathologic and prognostic significance.
. Many new specific Notch inhibitors are under development, with 23 ongoing phase I/II clinical trials investigating the efficacy of GSIs (www.clinicaltrials.gov). However, enthusiasm regarding the successes with in vitro and xenograft models has been tempered by the lack of efficacy as single-agent therapy in CRC as well as significant mucosal toxicity (Staal and Langerak, 2008; Strosberg et al, 2012) . Treatment in concert with chemotherapy shows promise in the preclinical setting, but remains unexplored in patients. Thus, there is a need to better understand the intricacies of Notch signalling effectors to better guide the future development and application of Notch inhibitors.
If predictive or prognostic factors do exist within this pathway, the downstream effectors of Notch activation, the Notch-induced transcription factors (NTFs), in particular HEY1, HES1 and SOX9, are appropriate candidates for further study and the focus of this investigation. Upon Notch activation, there is an increase in the expression of HEY1, HES1 and SOX9, which consequently accumulate in the nucleus, leading to the transcriptional regulation of downstream targets (Maier and Gessler, 2000; Kunnimalaiyaan et al, 2005; Muto et al, 2009 ). HEY1 has roles in cardiac embryology, osteogenesis and neurogenesis (Sakamoto et al, 2003; Zamurovic et al, 2004; Belandia et al, 2005; Fischer et al, 2007) . It is a mediator of Notch signalling in cancer, through regulation of differentiation, tumour suppressor P53, androgen receptor signalling and TGF-b-dependent EMT (Yang and Weinberg, 2008; Villaronga et al, 2009) . In neural stem cells, HEY1 promotes proliferation. Furthermore, overexpression in glioblastomas and pancreatic cancer correlated with higher tumour grade and poorer patient survival (Hulleman et al, 2009; Mann et al, 2012) . To date, HEY1 tumour expression has not been studied in CRC patients. HES1 acts either as an oncogene or as a tumour suppressor, depending on the tumour context. Implicated mechanisms include regulation of proliferation, EMT, metastasis and chemoresistance (Hughes, 2009; Meng et al, 2009; Kannan et al, 2011; Zage et al, 2011; Ueo et al, 2012) . Clinical studies of HES1 overexpression in cancer have shown poorer prognosis in ovarian malignancy, either no impact or a modest trend towards poorer overall survival in two small CRC cohorts and no prognostic association in biliary tract cancer (Reedijk et al, 2008; Wang et al, 2010; Mazur et al, 2012) . SOX9 directly promotes HES1 expression, has a critical role in embryogenesis and is required for development, differentiation and lineage commitment in numerous tissues including the intestinal epithelium (Müller et al, 2010; Matheu et al, 2012) . In cancer, SOX9 regulates proliferation, differentiation and metastasis (Bastide et al, 2007; Matheu et al, 2012) . Clinical studies in breast, gastric biliary tract and CRC indicate poorer prognosis with tumour SOX9 overexpression (Lü et al, 2008; Zhou et al, 2011; Matheu et al, 2012; Mazur et al, 2012) . Hence, considering the mechanistic evidence for the roles of HEY1, HES1 and SOX9 in cancer pathogenesis and the preclinical data implicating Notch signalling chemotherapy responsiveness, we set out to characterise the expression of these NTFs in CRC and to explore a potential role in chemotherapy resistance. To this end, this study seeks to determine the prognostic, predictive and clinicopathologic significance of these NTFs and their consequent suitability as biomarkers in determining which patients will benefit most from Notch inhibitor therapy using a CRC tissue microarray (TMA).
MATERIALS AND METHODS
Study populations. Colorectal tissues were collected between 1990 and 1999 from 1056 consenting CRC patients undergoing surgery at Sir Charles Gairdner Hospital (SCGH), Western Australia.
Information on patient demographics and tumour features were obtained from SCGH medical records and previous studies of this cohort (Chai et al, 2004; Feng Han et al, 2006; Salama et al, 2009) . Tumour site was classified as 'rectal' when in the rectum, 'distal' when occurring between the proximal rectal margin and the splenic flexure and 'proximal' when proximal to and within the splenic flexure. Samples from a total of 280 patients with AJCC stage II (48% male, 52% female) and 161 patients with stage III CRC (49% male, 51% female) were stained for HEY1, HES1 and SOX9 protein expression (n ¼ 441). Information on tumour stage, anatomic site, histologic grade, vascular invasion, perineural invasion, 5-flourouracil (5-FU) chemotherapy, microsatellite instability (MSI) determined by BAT-26 marker, b-catenin, COX2, P53, MLH1 and SFRP4 was available. Information on disease-specific survival was obtained from the Cancer Registry of Western Australia. The great majority of cases received 5-FU chemotherapy including folinic acid for 6 cycles, with a minority of older cases receiving 5-FU chemotherapy including levamisole for 12 cycles, each of 4 weeks duration. All rectal cancer patients were treated prior to the introduction of neoadjuvant therapy as the standard of care for local advanced disease. The median follow-up time was 69.7 months for patients with AJCC stage II disease and 52.4 months for patients with stage III disease. At the end of the study period, 31% of patients had died as a result of disease recurrence and 25% had died from unrelated causes. Ethics approval for this study was obtained from the Royal Perth Hospital Human Research Ethics Committee.
Tissue microarray. The TMA was constructed as described previously (Chai et al, 2004) . The array comprised 1056 surgically resected cases of which 441 cases were examined for NTF expression in this study. For each case, three cores of 1-mm diameter were taken at random from tumour tissues, and an additional two 1-mm diameter cores were taken from histologically normal colonic mucosa.
Immunohistochemistry. Sections were deparaffinized through three changes of xylene (3 min), rehydrated through graded alcohols to distilled water and subjected to antigen retrieval in EDTA (pH 8.0) under pressure. After blocking endogenous peroxide activity with hydrogen peroxide (HRP), either SOX9 (SC-20095, Santa Cruz, Dallas, TX, USA; 1 : 75), HES1 (AB5702, Millipore, Billerica, MA, USA; 1 : 3000) or HEY1 (AB22614, Abcam, Cambridge, MA, USA; 1 : 75) antibody was applied for 60 min. Dako Envision þ Dual link System-HRP was then applied for 30 min incubation. Sections were visualised with diaminobenzidine (Dako, Campbellfield, VIC, Australia) followed by a light counterstain of haematoxylin.
TMA scoring. Examination of HEY1, HES1 and SOX9 expressions were blinded to patient clinical data and overseen by a pathologist. At least 150 tumour cells or colonocytes were evaluated per case. Expression was classified based on epithelial cell staining intensity and percent positivity and represented as scores of 0 (absent), 1 (weak), 2 (moderate) and 3 (strong) (Figure 1 ). For comparison with clinical variables and survival, the full semi-ordinal expression levels of HEY1, HES1 and SOX9 ranging 0-3 in 0.25 increments were used. Dichotomised 'high' and 'low' HEY1, HES1 and SOX9 immunoreactivities were used in survival curves and comparisons of staining densities across tissues by classifying as high, tissue sections that had moderate or strong staining in X50% of epithelial cells, with the remainder classified as low.
Data analysis. Spearman's r was used for the determination of bivariate associations between ordinal NTF expressions and clinical variables. Kaplan-Meier survival curves were produced using the R 'survival' package. Associations with survival were examined with Cox's proportional hazards models, with ties addressed by Efron's method. Concordance for each independent variable was estimated by Harrell's C statistic (Harrell et al, 1982) . To avoid confounding, analyses were age-and gender-adjusted, and stratified by tumour site and stage. The validity of proportional hazards assumptions were assessed by scaled Schoenfeld residuals (Grambsch and Therneau, 1994) . All statistical tests were two-tailed and an alpha probability of o0.05 was regarded as statistically significant. Analyses were conducted using Stata Version 12 (Stata-Corp LP, College Station, TX, USA) and the R programming environment (Harrell, 2011) .
RESULTS
NTF protein expression. The normal and malignant colorectal tissues from 280 AJCC stage II and 161 AJCC stage III CRC patients were analysed for HEY1, HES1 and SOX9 protein expression. Distributions of protein expression are shown in Figure 1 . In normal colonic epithelium, HEY1 and HES1 were highly expressed towards the bowel luminal surface, with expression reducing to none towards the base of the crypt. Conversely, SOX9 was predominantly expressed in basal crypt cells with weaker expression evident towards the bowel luminal surface. SOX9 expression was predominantly nuclear with weak cytoplasmic staining in malignant and nonmalignant tissue. HES1 showed both a nuclear and cytoplasmic localisation, and HEY1 was predominantly expressed in the cytoplasm of patients. Expression data for each NTF had a log-normal distribution by Shapiro-Wilks tests. The expressions of HEY1, HES1 and SOX9 were significantly elevated in malignant relative to normal tissues (OR ¼ 3.44, Po0.0001; OR ¼ 7.40, Po0.0001, 4.08 Po0.0001, respectively) ( Table 1 ). The total percentage of patients with tumours classed as having overexpressed HEY1, HES1 and SOX9 was 61%, 68% and 60%, respectively. NTF associations. Correlations between NTFs and clinicopathologic and molecular features are listed in (Table 2) . Overexpression of NTFs was not associated with tumour site, patient age or tumour differentiation.
Survival analyses. Cox regression of clinicopathologic and molecular features stratified by tumour site is shown in Table 3 . Across all patients, tumour overexpression of HEY1 (HR ¼ 1.29, P ¼ 0.023) or COX2 (HR ¼ 2.06, Po0.001) correlated with poorer prognosis. HEY1 overexpression significantly predicted poorer survival in colon (HR ¼ 1.31, P ¼ 0.037), but not in rectal cancer patients (HR ¼ 1.07, P ¼ 0.664). In contrast, elevated HES1 and SOX9 expression were not significantly associated with overall survival (HR ¼ 1.05, P ¼ 0.596; HR ¼ 1.14, P ¼ 0.195, respectively). High b-catenin predicted better survival in colon, but not in rectal cancer patients, which is consistent with previous studies (Gunther et al, 1998; Morikawa et al, 2011) . High MSI was predictive of improved survival in patients with colon, but not rectal tumours, likely due to the very low incidence of high MSI in rectal cancer, as previously observed (Minoo et al, 2010;  A major factor that affects survival and its prediction by NTF tumour expression, in stage III, but not stage II CRC, is the effectiveness of adjuvant chemotherapy. Consistent with clinical practice at the time, a proportion of stage III CRC cases received chemotherapy, but stage II CRC cases did not. As activation of Notch signalling has been associated with chemotherapy resistance (Schreck et al, 2010; Miyamoto and Rosenberg, 2011; Izrailit and Reedijk, 2012) , we investigated whether tumour overexpression of NTFs predicted reduced survival in chemotherapy-treated patients. As shown in Figure 2 , stage III CRC patients with tumour overexpression of SOX9 had poorer survival with 5-FU treatment, relative to those with low SOX9 (HR ¼ 8.72, P ¼ 0.034) over a 10-year period. This was accentuated in patients with rectal cancer (P ¼ 0.007) (Supplementary Figure S1) . A similar trend towards reduced survival was observed for patients with tumour overexpression of HEY1 or HES1 treated with chemotherapy, but this was not significant (HR ¼ 2.07, P ¼ 0.14; HR ¼ 2.07, P ¼ 0.14 respectively). In untreated patients, tumour overexpression of HEY1, HES1 or SOX9 did not correlate with poorer prognosis (HR ¼ 1.08, P ¼ 0.79; HR ¼ 0.66 P ¼ 0.16; HR ¼ 0.70 P ¼ 0.29 respectively) (Figure 2) .
The prognoses of chemotherapy-treated and -untreated stage III CRC patients were then predicted using the collective immunoreactivities of HEY1, HES1 and SOX9 (Figure 3) . In chemotherapy-treated patients, there was an additive increase in the risk of death for each NTF highly expressed in tumours (HR ¼ 2.09, P ¼ 0.01). Untreated patients showed a nonsignificant trend towards reduced risk of death with overexpression of NTFs (HR ¼ 0.74, P ¼ 0.19).
DISCUSSION
This is the first clinical study to compare the interrelationships of HEY1, HES1 and SOX9 in CRC. We identified significant coexpression of NTFs in CRC patients. Potential causalities for this coexpression of NTFs include their mutual transcriptional activation through Notch signalling, particularly by RBP-Jk, JAG1 and NOTCH1-4, as well as their collective activation by inflammatory IL-1, TNFa and Ikk2 signalling (Maier and Gessler, 2000; Kunnimalaiyaan et al, 2005; Staal and Langerak, 2008; Maniati et al, 2011; Wang et al, 2013) . Furthermore, SOX9 is a key mediator of HES1 transcription, and retinoic acid signalling mutually promotes SOX9 and HES1 transcription (Müller et al, 2010) . Hence, their clinical coexpression is consistent with our molecular understanding of NTF signalling. All three NTFs were upregulated between 3-7-fold in CRC compared with that in colonic epithelium. The upregulation of HES1 and SOX9 in tumours has been observed previously whereas HEY1 has not been studied (Reedijk et al, 2008; Matheu et al, 2012) . Tumour SOX9 and the combination of HEY1, HES1 and SOX9 protein overexpression were predictive of poorer response to chemotherapy in stage III CRC patients. Previous studies of these NTFs have never explored chemoresponse, and there exist no reports of proteins providing predictive data of this potency for adjuvant chemotherapy in CRC (Clark-Langone et al, 2010; Wang et al, 2010; Jin et al, 2011; Mann et al, 2012; Matheu et al, 2012) . At the time of this study, adjuvant chemotherapy was given for stage III but not stage II disease, allowing the reduced effectiveness of chemotherapy observed with NTF overexpression to exert selective survival pressure. More recently, 5-FU and oxaliplatin combinations have become the standard of care in CRC stage III, as well as a proportion of stage II and IV patients, making the prediction of chemotherapy effectiveness by NTFs increasingly relevant to contemporary patients (DeVita et al, 2008) . Furthermore, the expression of NTFs may be capable of predicting the survival of patients with other cancers that are treated with 5-FU, and hence could be studied in lung, breast, liver, stomach, oesophageal and head and neck cancer (Shirasaka and Taguchi, 2006) . Tumour NTF expression also has the potential to guide the use of Notch inhibitory therapy, alone or in combination with chemotherapy to HR=8.72, P =0.034 HR=2.01, P =0.14 HR=1 (reference) HR=0.70, P =0.29
HR=1 ( increase their benefit to patients. Hence, assuming confirmation in a larger study, the uniqueness of this data for the prognostication of adjuvant chemotherapy could see its rapid integration into current pathological practice. Notch signalling has been implicated in chemoresistance at the preclinical level (Schreck et al, 2010; Miyamoto and Rosenberg, 2011; Izrailit and Reedijk, 2012) . In CRC cells, 5-FU-, oxaliplatinand irinotecan-induced chemoresistance was promoted by NTFs, such as HES1, and abrogated using Notch inhibitory therapy (Meng et al, 2009) . Coupled with the functional roles of NTFs in apoptotic resistance and EMT (Bastide et al, 2007; Hughes, 2009; Meng et al, 2009; Kannan et al, 2011; Xie et al, 2011; Zage et al, 2011; Zhang et al, 2011; Garcia and Kandel, 2012; Matheu et al, 2012; Ueo et al, 2012) , and the associations of NTF overexpression in this study with markedly poorer survival in chemotherapytreated patients, suggests further studies that explore the clinical benefit of using combinations of Notch inhibitors and chemotherapy may lead to a reduced incidence of chemoresistance and increased survival times (Purow et al, 2005; Fan et al, 2010) . In addition, the clinical limitations caused by the toxicity of existing Notch inhibitors that target upstream of the Notch signalling pathway (Staal and Langerak, 2008; Strosberg et al, 2012) , to affect a broad range of targets, may be mitigated by the more targeted therapeutic inhibition of downstream NTFs.
HEY1 overexpression in tumours correlated with greater incidence of LN metastasis, perineural and vascular invasion, and poorer survival accentuated in patients with AJCC stage III CRC or colon cancer. These findings are consistent with previous studies of HEY1 in glioblastoma and pancreatic cancer (Hulleman et al, 2009; Mann et al, 2012) . There may be a causal element in overexpressed HEY1's clinical associations with increased risk of LN metastasis and mortality, because HEY1 promotes proliferation and EMT in tumours (Yang and Weinberg, 2008; Hulleman et al, 2009; Villaronga et al, 2009 ). HEY1 expression was associated with numerous proteins important in CRC. Firstly, overexpression of the Notch signalling target COX2 strongly correlated with HEY1, suggesting this NTF may be involved in COX2's activation, which drives angiogenesis, inflammation and associates with reduced survival (Tseng et al, 2012; Zhou et al, 2012) . HEY1 expression also correlated with Wnt pathway members b-catenin and SFRP4, an association attributable to Notch signalling's activation of the Wnt signalling pathway . Finally, HEY1 overexpression was associated with high levels of DNA-repair protein MLH1 that reduces the incidence of MSI tumours. HEY1 inversely correlated with tumours that have MSI, which has never been reported previously. This may be due to Notch signalling being more active in tumours with reduced MSI that show high Wnt signalling activity (Morikawa et al, 2011; Zhang et al, 2011) . This would also explain in part the association of HEY1 with poorer survival in colon, but not rectal cancer, because MSI, a good prognostic factor, rarely occurs in rectal tumours (Minoo et al, 2010) . Taken together, these data suggest HEY1 could be a therapeutic target, and its tumour expression may enhance current CRC prognostication.
HES1 overexpression in tumours correlated significantly with inferior survival in stage III CRC, consistent with trends seen in smaller CRC cohorts (Reedijk et al, 2008; Mazur et al, 2012) . This association was confined to 5-FU-treated patients. HES1 overexpression correlated strongly with b-catenin's, a Notch signalling target . The association between tumour overexpressions of HES1 and master tumour suppressor P53 may be attributed to the transcriptional activation of P53 by HES1 (Huang et al, 2004) . This study indicates that further research into the utility of HES1 tumour expression for the prediction of chemoresponse in CRC is warranted. SOX9 overexpression in tumours was the strongest predictor of reduced survival in 5-FU-treated patients (HR ¼ 8.72, P ¼ 0.034) and correlated with vascular invasion. Previously, increased mortality associated with elevated SOX9 has been observed in numerous cancers, including separate cohorts of colon and rectal cancer (Lü et al, 2008; Zhou et al, 2011; Matheu et al, 2012; Mazur et al, 2012) . Many studies report mechanistic roles for SOX9 in cancer promotion, specifically in apoptotic resistance, neoplastic transformation and proliferation in glioma, colorectal and prostate cancer (Bastide et al, 2007; Matheu et al, 2012) . However, this is the first study to demonstrate value for SOX9 as a biomarker in the prediction of response to 5-FU treatment.
The most important limitation of this study is the lack of randomised chemotherapy, making any comparison between treated and untreated patients confounded by selection bias. In general, patients not receiving treatment were perceived as either at lower risk of relapse or were considered unfit for therapy. Performance status data that might have allowed a degree of compensation for the latter factor was not available. Hence, our analyses of chemoresponse have both been performed within and not between cohorts defined by receipt of therapy.
In conclusion, the present study is the first to discover that tumour HEY1 overexpression correlates with poorer CRC outcome, and NTFs may have value as biomarkers for the prediction of survival with 5-FU chemotherapy treatment. If confirmed, these NTFs, in particular SOX9, have a very real potential to enter routine clinical practice in defining the utility of adjuvant chemotherapy for individual patients. Furthermore, as there are mechanistic roles for these NTFs in CRC chemoresistance and metastasis, studies should be pursued to explore whether patients overexpressing these NTFs may benefit preferentially from Notch-targeted therapies in conjunction with chemotherapy.
